Bone samples of 14 prehistoric North American Pecos Indians from circa 1400 A.D. were analyzed for lead, cadmium, zinc, and silver by graphite furnace atomic absorption spectrometry to establish the baseline levels of these elements in an ancient North American population. Measurements of outer and inner bone fractions indicate the former were contaminated postmortem for lead, zinc, and cadmium. The contamination-adjusted average (x ± SD) level of lead (expressed as the ratio of atomic lead to atomic calcium) in bones of the Indians was 8.4 + 4.4 x 10', which was similar to ratios in bones of ancient Peruvians (0.9 to 7.7 x 10-7) and significantly lower than ratios in bones of modern adults in England and the United States (210 to 350 x 10-7). The adjusted average concentrations (microgram per gram dry weight) of biologic cadmium, silver, and zinc in the Pecos Indian bones were 0.032 ± 0.013, 0.094 + 0.044, and 130 + 66, as compared to concentrations of 1.8, 0.01 to 0.44, and 75 to 170 in the bones of modern people, respectively. Therefore, cadmium concentrations in Pecos Indian bones are also approximately 50-fold lower than those of contemporary humans. These data support earlier findings that most previously reported natural concentrations of lead in human tissues are erroneously high and indicate that natural concentrations of cadmium are also between one and two orders of magnitude lower than contemporary concentrations.
Introduction
Human exposure to anthropogenic lead in the Old World dates back over 4500 years to the inception of cupellation (refining of precious metals by fire) and has increased nearly exponentially since that time (1, 2) . Therefore, ancient human remains from Old World regions and subsequent to circa 2000 to 3000 B.C. should not be used to determine the natural body-levels of lead (3) . The northern hemisphere of the New World has also been impacted by aerosol transmission of anthropogenic lead during that period (4, 5) due to a predominant latitudinal tropospheric distribution of lead aerosols (6) , as well as from industrial uses of lead within the New World. An approximate 500-fold increase in contemporary human skeletal lead burdens was revealed in a previous study (3) , which used development of ultra-clean techniques (7) . In that study, Ericson et al. (3) determined the skeletal lead burden (Pb/Ca trialized northern hemisphere (8) (9) (10) (11) (12) (13) (14) . That increase is due to massive global atmospheric emissions of anthropogenic lead, which are currently estimated at 3 x 108 kg/yr (15) . Other studies (16) (17) (18) (19) have reported smaller historical increases in skeletal lead, though their results may be qualified by concerns of contamination, since they did not employ ultra-clean analytical techniques.
Several processes have been suggested to account for differences in lead concentrations of buried ancient bones. It has been suggested that biologic lead is leached out of buried bone, thereby diminishing lead concentrations with increased burial time (20) . Proponents of that process believe that lead levels in ancient skeletal remains underestimate true natural levels, which supposedly were much higher, and that lead levels in bones of contemporary humans are natural and normal. Conversely, it has also been suggested that low lead concentrations in ancient remains reflect very low levels in an unperturbed, natural environment and that lead levels in those buried bones may have been elevated by subsequent exposure to natural soil lead and industrial lead (3, 21) . The latter process, which we believe is more accurate, indicates that natural lead levels of ancient humans may be overestimated in analyses of buried remains, and those analyses must be corrected to accurately establish natural lead concentrations. Consequently, the very high skeletal lead concentrations (subelinical) in contemporary humans are in extreme excess (two to three orders of magnitude) of natural levels due to exposure and accumulation of ubiquitous industrial leads.
Skeletal remains of North American Pecos Indians buried in arid desert soils were studied to compare ancient human lead levels between different hemispheres of the New World and to establish the preindustrial baseline levels of cadmium, zinc, and silver in human bone tissue. The skeletal remains recovered from Pecos Pueblo, New Mexico, compose one of the largest and stratigraphically best-documented collections of human osteological material in the New World (22) . This allowed for careful selection of samples that were well suited (i.e., adequate size, physical integrity, and representative of the population) for characterization of skeletal trace metal levels by ultra-clean elemental analysis. These four trace metals were chosen because the magnitudes of their emissions from industrial sources are high relative to those from natural processes, they have no biological function with the exception of zinc, and they exhibit some level of toxicity to humans (23) (24) (25) .
Lead, zinc, cadmium, and silver are accumulated in bone to different degrees and for different reasons. Lead is a biogeochemical analog to calcium (3, 26, 27) , though it has no known biologic role and is only present as a contaminant in the body. Seventy to 95% of a vertebrate's body lead burden is contained within the skeleton (12) , where it is associated with the mineral matrix (28, 29) . Zinc is ubiquitous in body tissues and serves many essential functions in numerous protein and enzyme systems (30) . Approximately 28% of the body's zinc is localized in bones and teeth (31) , where it is largely (98%) mineral associated (28) . Cadmium, like lead, serves no biological function and is virtually absent from humans at birth (32) . Over 50% of the body cadmium burden is localized in the kidneys and liver, while comparatively little accumulates in bones (24, 33, 34) . However, the large relative contribution of osseous tissue to total body mass suggests bones may contain a notable fraction of body cadmium burdens. Silver is also a nonessential element in organisms and is apparently poorly accumulated under normal physiological conditions (35) . As with cadmium, it is most commonly associated with a low molecular weight metallothionein protein pool in liver and kidney tissues (23, 36) .
Lead and its biochemical analog calcium were measured to determine the validity of the conclusions of Ericson et al. (3) on a global scale. Specifically, it was unknown whether the historical 500-fold increase of lead indicated by their data was partially due to hemispheric differences in the human uptake of natural lead. Silver was measured because its historical increase in anthropogenic emissions has paralleled that of lead, since the latter was initially emitted as an industrial waste product in the production of silver from the cupellation of argentiferous galena (1, 37) . Zinc also has a long history (> 2000 years) of anthropogenic emissions as a major alloying ingredient in the production of brass (38) . Its industrial production has paralleled that of cadmium, which is a biogeochemical analog of zinc and is characteristically present as a trace constituent in zinc sulfide deposits. Therefore, the following ultra-clean measurements of ancient human skeletal lead, cadmium, zinc, and silver concentrations provide quantification of the industrial perturbations of those elements in the biosphere.
Materials and Methods

Sample Selection
Fourteen human bone samples (Table 1) were selected from the Harvard University Peabody Museum's extensive collection of over 900 Pecos Indians (39, 40) . Selection criteria were based on physical size (i.e., large enough to render a relatively pristine inner bone subsample) and overall integrity. This excluded highly fractured bones and those showing evidence of excessive diagenetic alteration (physiochemical changes that occurred within the bone during and after burial in sediments). Classifications based on osteological analyses by Hooten (39) and Ruff (22, 40) were used to select bones of different anatomical origin, gender, and age groups to represent the population with a relatively few number of samples. This introduced additional sources of variance, since skeletal lead levels are known to vary with bone type (cortical versus trabecular) and age of the individual (41) . Differences in bone lead levels between males and females have also been demonstrated, though these have been largely attributed to varying degrees of exposure between the two groups (41, 42) .
The human burials were excavated by A. V. Kidder at Pecos Pueblo, beginning in 1915, and continued intermittently until 1925 (43) . Pecos Pueblo was occupied (46) . While the people of Pecos Pueblo lived in a relatively pristine environment, they still may have been exposed to some anthropogenic lead from lead glaze-painted ceramics. They produced lead glaze-paint ceramics for decorative purposes, beginning during Glaze Ware III and continuing to Glaze Ware VI (47) . Production of glaze wares supplied only local use, since with few exceptions, they were not exported. Raw materials for the lead glass glaze contained varying amounts of iron and manganese (47) and were obtained from the people at Galisteo who controlled the cerussite (lead carbonate) source associated with turquoise in the Ortiz Mountains to the southwest of Pecos Pueblo. This may have contributed to some of the variation among individuals in the following bone lead concentrations, and the lead concentrations of all those individuals are considered to be elevated compared to those preindustrial individuals with no industrial lead exposure.
Sample Preparation and Analysis
The samples were processed in a Class-100 trace metal clean laboratory which meets the criteria established by Patterson and Settle (7) . All commercial high purity acids were redistilled twice in subboiling quartz stills and only ultra-pure (18 megaohm) water was used. All containers were acid-cleaned and preconditioned with the ultra-pure reagents used in the digestion. Individual and procedural blanks were processed and measured concurrently. The analyses were intercalibrated with concurrent analyses of National Institute of Standards and Technology (NIST) standard reference material (SRM 1577a).
A set of inner and near-surface outer bone was obtained from each of the fourteen bone fragments. Inner, compact bone samples were obtained by grinding away exterior cortical surfaces with an acid-cleaned (concentrated HNO3) drill bit. The resulting samples were repeatedly rinsed with dilute nitric acid and ultra-pure water to minimize contamination of the inner bone with outer bone fragments created from the drilling process. This cleaning procedure does not preferentially remove lead relative to calcium (3) . Any potential contribution of the drill bit to the lead content of the samples, either directly or through forcing microparticles of the external cortical surface into interior microfractures, appeared to be minimal, based on microscopic analyses.
The companion outer bone samples consisted of cortical and cancellous bone fragments created during the drilling process. These were prepared concurrently with the inner bone samples to indicate the degree of surface contamination of the initial bone fragment. Neither of these samples included the outermost surface material, which was assumed to be heavily contaminated. This procedure eliminated diagenetically altered material, which results in postmortem addition of contaminant lead (and other trace elements) to bone surfaces during burial. It also allowed us to determine whether lead and other elements were leached from bone surfaces, or if those elements were added to bone as contamination from the soil during burial.
Bone samples ranging from 0.1 to 2.4 g (dry weight) were digested in quartz beakers with concentrated nitric and hydrochloric acids. Analyses were conducted on a Perkin-Elmer model 603 atomic absorption spectrometer equipped with a deuterium arc background corrector, HGA 500 graphite furnace, and AS 40 autosampler. Samples were analyzed using the method of standard additions with replicate sample injections.
Our data are presented on a bone dry weight basis and normalized to bone calcium content. Skeletal trace element concentrations presented only on a wet or dry weight basis introduce analytical error, in addition to confounding comparisons between samples, due to substantial differences in both mineral and nonmineral content between bone types and individuals sampled (41) .
Results
Concentrations and Atomic Ratios
Elevated lead, zinc, and cadmium levels of the outer relative to inner bone fractions indicate that the outer fractions are contaminated (Tables 2 and 3 ). This is most apparent with lead in outer bone, which is 2-to 10-fold higher than in inner bone. These concentration and atomic ratio gradients indicate that outer bone contains both metabolic lead and contaminant lead incorporated after death. The latter may include a) soil lead added by diagenetic processes (3) and b) industrial lead added during collection, storage, and handling activities (48) . These gradients are analogous to those in ancient ice cores (49) , which resulted from the intrusion of contaminant lead through minute cleavages in the ice matrices. Smaller elevations (50%) of zinc in outer bone exhibit similar parallels, while cadmium decreases from outer to inner bone in about half of the samples, and the remaining 50% show either no change or a small increase in inner bone. The latter may be due to loss of cadmium in bone proteins during biodegradation. These trends are consistent with the postmortem contamination of buried ancient remains, and evidence diagenetic alteration of these elements in the bones. Conversely, silver levels typically increase from outer to inner bone, suggesting that silver was leached from bone surfaces during burial. Although it is possible that natural gradients between inner and outer bone are due to differential metabolic incorporation and/or resorption of these four elements, it is most likely that these gradients result from the addition/removal of elements to outer bone postmortem. Consequently, data from the outer bone samples are considered to be invalid.
Concentrations and metal/calcium atomic ratios of all four trace elements in the inner bone samples varied by nearly an order of magnitude or more between the highest and lowest values. No correlates exist with gender or age of the individuals at death (Tables 1, 2, and 3) .
Lead. Lead concentrations of inner bone range from below the analytical detection limit (< 0.023) to 4.8 pLg/g, and average (x + SD) 1 
Estimates of Natural Concentrations
Since metal concentration gradients between inner and outer bone fractions indicate that outer bone trace element levels have been altered (contaminated) postmortem, inner bone values may be similarly qualified by concerns of contamination. Some of those inner bone concentrations and atomic ratios appear to be anomalously high and would therefore positively bias our estimates. We identified these samples for exclusion by employing the metal/calcium ratios as a measure of an anomalous increase in (contaminant) metal levels. For example, if an inner bone metal/calcium ratio was greater by an arbitrary factor of 10 or more than the lowest measured ratio for that metal (one nondetected value for lead was not considered), the sample was considered to be excessively contaminated. This procedure identified values for lead in sample numbers 3, 6, 8, 12 , and 14; cadmium in sample numbers 1, 3, 5, 6, 7, 12, and 14; silver in sample numbers 9 and 13; and zinc in sample number 12. The anomalously high values in those inner bone samples typically correspond with higher values in the companion outer bone samples, which evidences an external source of contamination. Exceptions to this feature do exist (e.g., cadmium sample numbers 1, 5, and 7, and silver sample numbers 9 and 13), though explanations for these are unclear.
Contamination-adjusted averages are presented to summarize the trace element concentrations and the metal/calcium atomic ratios of the Pecos Indian bones (Table 4) . Adjusted average concentrations of lead, cadmium, silver, and zinc are 44, 27, 63, and 87% of the unadjusted averages, respectively. Adjusted average metal/calcium atomic ratios are 40, 29, 68, and 83% of their unadjusted averages, respectively.
Although the adjusted average skeletal metal levels are the best estimates for ancient North American Pecos Indians, they may also be conservatively high. This qualification is analogous to that detailed in analyses of the previously described ice cores. Lead contamination of the outer core during collection permeated through minute cleavages in the ice and resulted in sequentially decreasing lead concentrations toward the center of the ice core. This indicated that even the lowest lead concentrations at the center of that core might have been contaminated. Therefore, the inner ice core data are considered to be conservatively high estimates of the natural concentrations of lead initially deposited in the ice (49) . By analogy, the adjusted average metal levels in inner bone are considered to be conservatively high estimates of the natural levels in ancient North American Pecos Indians.
Discussion
The adjusted estimate of the atomic ratio of lead to calcium in ancient Pecos Indian bones (8.4 x 10-7) iS comparable to the upper range value measured previously (3) in ancient Peruvian bones (0.9 to 7.7 x 10-7).
These data demonstrate that the average contemporary person may contain up to 500-fold more lead in his skeletal tissues than prehistoric Pecos Indians, who were also exposed to lead concentrations above natural levels. This increase in contemporary individuals is due to anthropogenic perturbations of natural lead cycles, which have greatly increased the bioavailability of this metal.
Conclusions on the magnitude of anthropogenic environmental lead contamination based on the present study's adjusted average lead/calcium atomic ratio of The apparent limited production and use of decorated lead glaze paint wares by the Pecos Indians cannot be quantified in these analyses but may partially account for the elevated concentrations of the samples considered contaminated (50) . Lead released from ceramic glazes into acidic foods stored in pottery is still among the most frequently cited sources of episodic cases of classic lead toxicity that are attributable to food (51, 52) . This is also supported by the observation that contemporaneous humans occupationally exposed to lead exhibit increased body lead burdens as some function of exposure (53) . A similar approach was used by Aufderheide et al. (42) to predict social correlates based on the skeletal lead content of several colonial American populations. In that study, the investigators observed elevated skeletal lead levels in distinct groups (gender, occupation, and race) of individuals that reflected their increased exposure to lead.
However, it is unlikely that the elevated lead levels of some of the Pecos Indian bones are predominantly due to increased exposure throughout life, rather than contamination postmortem. This view is supported by the absence of any correlates of elevated lead/calcium atomic ratios with the age or gender of the Indians. Exposure to lead via construction of the ceramic wares was generally confined to a relatively few specialists in this trade, and use of the ceramic wares was largely divided along specific classes of gender, age, or tribal rank. Quantifying the contribution of the glaze wares to the body lead burdens of the Pecos Indians could be approached using lead isotopic composition analyses of bone samples, regional lead deposits, and the lead glaze paint wares.
The most conservative unadjusted estimates of the elemental concentrations of silver, cadmium, and zinc in the ancient Pecos Indian bones reveal the likelihood of contamination in some of the samples, which exhibit values for silver (0.56 ,ug/g) and zinc (450 ,ug/g) that are greater than those in modern man (0.01 to 0.44 ,ug/g and 75 to 170 ,ig/g) (14) . However, the best estimates of those values (Table 4 ), using the previously described criteria, indicate prehistoric and modern concentrations of silver and zinc in human bones are essentially the same, while concentrations of cadmium may have increased more than 20-fold to the contemporary human value of 1.8 ,ug/g (14) .
A study comparing cadmium body burdens measured in old pathological-anatomical specimens (61 kidneys, 53 livers) from 1897 to 1937 with 1980 modern autopsy samples found that the body burden cadmium concen-tration has increased in modern man by a factor of 4.7 (54) . Compiled studies indicate that cadmium increases in the human kidney with time up to 40 years of age (55) . No such increase in cadmium with age is apparent in the Pecos Indian bone samples. This is likely due to cadmium accumulating predominantly in kidney and liver tissue and due to the limited and inconclusive number of noncontaminated samples measured. It may also be due to the absence of industrial cadmium during development or the mechanism of cadmium accumulation in living bone. Relating cadmium levels to bone carbon/ nitrogen ratios (protein content) in addition to bone dry weight and calcium content may be more informative in future analyses, since cadmium is predominantly protein-bound in mammals (24, 33) .
Contrasting processes have been proposed to explain why lead concentrations in some ancient humans are found to be lower than those in bones ofmodern persons. Some investigators have suggested that biologic lead is leached out from buried bones (56, 57) and that this process diminishes lead concentrations with increased burial time. It was concluded, therefore, that lead levels in bones of modern humans are natural (20) . A contrasting view suggests that lead in ancient bones corresponds to very low natural levels of biologically accumulated lead, which may be contaminated to some degree by soil moisture lead from natural and anthropogenic sources during burial (3). When these additions are corrected for by comparison with other alkaline earth/calcium ratios, ancient bones are observed to contain extremely low lead/calcium ratios relative to modern humans. We consider the latter viewpoint to be correct and attribute the large relative increase in biologic lead of modern humans to the substantial increase of industrial lead emissions over historical time (21) .
In summary, lead levels in ancient Pecos Indian bones, which are comparable to those of ancient Peruvians (3), show discrepancies from levels in modern humans that appear to result from the latter's exposure to anthropogenic sources of lead. Smaller increases in cadmium may be due to either increased exposure to anthropogenic sources of cadmium or an artifact of postmortem bone alteration. In contrast, skeletal levels of zinc and silver do not appear to have measurably increased. Elevated concentrations of lead, cadmium, and zinc in outer bone support the diagenetic addition of those metals to bone during burial. This also supports the earlier findings of Ericson et al. (3) and contradicts the leaching of those elements from bone as proposed by other authors (20) .
